I. INTRODUCTION
Porous absorbers are used in many situations to achieve the absorption of sound, e.g., in ventilation ducts, in power plants, and in the exhaust systems of cars and trucks. It is a problem of high practical concern to obtain the largest attenuation of sound in a duct by using an appropriate acoustic treatment.
A satisfactory understanding of the acoustic behavior of homogeneous porous materials, in terms of fluid equivalent models, has been achieved by the current models. [1] [2] [3] The benefits of the porous materials on the sound attenuation can be masked and even destroyed by the presence of a grazing flow. The thin flow boundary layer along the material plays a crucial role as it is involved in the interface condition between the propagation in air and the propagation in the porous material. Furthermore, this boundary layer may be unstable in the presence of a lined wall. This effect has been seen on locally reacting liners 4 and optical measurements have shown that this instability is convective. 5 This paper gives the experimental evidence of the existence of a hydrodynamic instability along the porous material triggered by the acoustic waves. The hydrodynamic waves are those that are convected in the flow direction and are nearly incompressible. These waves can be unstable over a liner. 6 The presence of such hydrodynamic waves along a porous material has not been reported previously to our best knowledge. This paper only attends to demonstrate the existence of such waves. Further physical and mathematical investigations are needed to model this phenomena that can have important practical consequences by changing the transmission losses of porous absorbers.
This paper describes the behavior of a porous material with a rigid frame (metallic foam) under grazing flow. After a short description of the setup (Sec. II), the experimental scattering coefficients in a flow duct are presented (Sec. III). These coefficients show that an unstable hydrodynamic mode is present. The accessible characteristics of this hydrodynamic mode are extracted from the measurement of the scattering matrix (Sec. IV). The characteristics are compared with experimental results from 11 microphones located on the wall opposite to the porous material (Sec. V). Then the static pressure drop is measured with and without acoustic excitation of the material (Sec. VI).
II. SETUP DESCRIPTION
The test facility is schematically depicted in Fig. 1 . Complete descriptions of this setup and of the used method have been reported previously 4, 7 and hence only the key points are presented here.
The setup allows acoustic propagation in a rectangular duct (width A ¼ 100 mm Â height W ¼ 15 mm) superimposed to a grazing flow over an acoustic liner. The turbulent flow is assumed to be fully developed in the liner test section. At each end of the duct, acoustic source and anechoic termination are found. According to the duct dimensions and to the position of the microphones (at mid-width), only the plane waves are considered in the rigid parts of the duct for the frequency range of interest (100 to 3000 Hz).
The scattering matrix for the plane waves relates the scattered pressure amplitudes p þ 1 and p À 1 (see Fig. 1 ) to the incident pressure amplitudes p
where T þ and T À are the anechoic transmission coefficients, R þ and R À are the anechoic reflection coefficients. The superscript "þ" refers to an incident wave in the flow direction and the superscript "À" to an incident wave against the flow. This scattering matrix is measured by means of 2 Â 4 flush mounted microphones in the lower hard wall downstream and upstream of the liner test section, respectively. It follows that the transmitted and reflected waves can be measured with over-determination in order to avoid inaccurate measurements when the acoustic wavelength is close to half the distance between two microphones. The two sources method is applied by doing two measurements where the upstream and downstream sources are switched on successively.
On the other hand, an array of eleven flush mounted microphones is located on the wall opposite to the porous material in order to measure the pressure evolution along the material. These microphones are evenly distributed along the x axis spaced out by 2 cm. Please note that the presence of these 11 microphones can affect the propagation in the treated region. This effect is supposed to be small and is disregarded in this paper.
The acquisition of signals is performed by Agilent VXI 1432 hardware platform which drives the source excitation synchronously with the acoustic pressure signals recording. A swept-sine over the frequency range 100-3000 Hz is used with a frequency increment of 5 Hz. The amplitude of the excitation is automatically adapted to give a constant pressure, independently of the frequency, on the microphone just in front of the transition hard duct/material (on the upstream side when the upstream source is on and on the downstream side when the downstream source is on).
Experiments are carried out on a metallic foam (RECEMAT, NC4753.05 nickel-chromium alloy). This material has been chosen to be as rigid as possible in order to avoid any skeleton vibrations and was supplied as plates . Although this parameter is not very relevant here, the normal impedance of this porous material sample with a rigid backing is given in Fig. 2 for a comparison with locally reacting liners. This impedance can be computed using the fluid equivalent model 3 by Z n ¼ ÀjðZ eq ðf Þ=Z c Þ= tanðk eq ðf ÞBÞ, where Z eq (f) is the equivalent characteristic impedance of the porous material, Z c is the air characteristic impedance, and k eq (f) is the equivalent wavenumber in the porous material. Z eq and k eq are frequency dependent.
III. EXPERIMENTAL RESULTS FOR TRANSMISSION AND REFLECTION COEFFICIENTS
The experimental results for transmission (T þ and T À ) and the reflection (R þ and R À ) coefficients are given in Figs some inhomogeneity of the material proprieties inducing a small breaking of symmetry.
The reflection coefficients for the waves propagating along the flow and against the flow differ significantly. The reflection coefficient against the flow R À is close to the value Fig. 4 ). The transmission coefficients are also different when the direction of wave propagation with respect to direction of flow is changed. Due to convection effects, the wavenumber increases when the wave propagates against the flow and the sound is more attenuated against the flow than in the case without flow. The overall attenuation in the flow direction is of the same order than the case without flow. Large oscillations in the frequency range 600-1600 Hz can be observed. It will be shown in the following that these oscillations result from the interference of the acoustic and hydrodynamic waves. The observation of these oscillations is the main result of this paper and will be studied in detail in the next section.
The measured transmission coefficient T þ (when the incident sound and the flow are in the same direction) is shown in Fig. 5 for two Mach numbers. The amplitude of the oscillations due to the interference of acoustic and hydrodynamic modes is higher for high Mach numbers. It is also interesting to see that the oscillations are prominent only in a certain frequency band which changes depending on the Mach number.
The amplitude of the oscillations changes with the sound source amplitude as well. Shown in Fig. 6 is the transmission coefficient T þ for three different upstream source amplitudes keeping the flow Mach number fixed at M ¼ 0.3. It can be observed that the amplitude of the oscillations of the absolute value of T þ increases when the source level decreases. It must be kept in mind that the oscillations in pressure is the product of T þ and the incident pressure. This value is increasing with the level but a clear saturation of the hydrodynamic effect can be observed.
IV. EXTRACTION OF THE HYDRODYNAMIC WAVE CHARACTERISTICS
To fit the transmission coefficient in flow direction T þ , it can be seen as the sum of a contribution due to the "acoustic" transmission T þ a and a contribution due to the "hydrodynamic" effects T þ h . These two contributions propagate at different velocities and the net oscillations in jT þ j can be seen as interferences between these two waves. The acoustic contribution is supposed to be smooth and hence T 
¼ e
Àjk a L and the value of k a is approximated by a complex polynomial of degree 7 that fits the data best in a least-square sense. The result of the fit is displayed in Fig. 7 . This fit gives good results because the effect of the acoustic wave propagating against the flow is weak. It should be noted that this fit includes all the entrance and exit effects and that k a is not the wave number of the least attenuated mode for 0 < x < L. Nevertheless, the real part of k a is linked to the velocity of the acoustic wave for 0 < x < L because the entrance and exit effects can induce a small phase lag in the transmission coefficient. The equivalent acoustic velocity c a ¼ x/k a is shown in Fig. 7(b) . Its value is around the sound velocity in air and takes into account the opposite effects of the convection (increase in the velocity) and of the porous material (slowing of the wave). Àjðh 0 þxL=c h Þ ; where x ¼ 2pf is the pulsation, c h is the velocity of the hydrodynamic wave, h 0 is the phase lag between the acoustic and the hydrodynamic waves and H ¼ jT þ h j is the amplitude of the effect of the hydrodynamic wave on the transmission coefficient called for simplicity in the following as "hydrodynamic wave amplitude."
The amplitude of the hydrodynamic transmission jT þ h j is given in Fig. 8(a) . It has a significant amplitude value on a limited frequency range (in this case 1000 to 2000 Hz). A frequency f m at which the hydrodynamic mode has a maximum amplitude may be identified. This frequency depends on the Mach number but not on the level of the source. Shown in Table I are the obtained values of f m for different Mach numbers. On the other hand, the amplitude of this maximum depends on the Mach number as well as the source level. Thus, it is linked to the non-linear saturation of the hydrodynamic wave.
The angle of the hydrodynamic transmission T þ h is given in Fig. 8(b) . It is supposed that the slope of this angle is directly related to the velocity of the hydrodynamic wave. In Fig. 8(b) , it can be seen that this velocity can be considered as constant in the frequency range of interest. The angle of T þ h is then fitted by a straight line over the frequency range where the amplitude has a significant value. The value of the hydrodynamic wave velocity c h depends on Mach number but not on the incident sound pressure level (SPL). The value of M h ¼ c h /c 0 , where c 0 is the sound velocity, is given in Fig.  9 as a function of the Mach number. It could be seen that the velocity of the hydrodynamic wave is nearly equal to half of the mean flow velocity. It can also be observed that the wavelength of the hydrodynamic perturbation for the maximum amplitude is nearly constant k h ¼ c h /f m ' 35 mm (see Table I ).
Based on the above results, the following scenario can be imagined to explain the oscillating behavior of the transmission coefficient. An incoming acoustic wave from the upstream side of the porous material triggers a hydrodynamic wave on a limited range of frequencies. The acoustic wave propagates in the flow and in the material while the hydrodynamic wave is convected at half of the flow velocity. During the convection, the hydrodynamic wave is amplified and then its amplitude is saturated by non-linear effect. The interference between these two synchronized waves at the downstream side of the porous material induces oscillations in the transmission coefficient. 
V. MICROPHONES MEASUREMENTS ON THE WALL OPPOSITE TO THE POROUS MATERIAL
The transmission coefficient described in the previous section links the incident plane wave at x ¼ 0 to the outcoming plane wave at x ¼ L when the downstream duct is supposed to be anechoic. To gain a deeper insight of what happens between the entrance x ¼ 0 and the exit x ¼ L and validate the scenario described previously, the measurements of the array of 11 flush mounted microphones located on the wall opposite to the porous material are used.
Once again, these measurements will be fitted taking into account the above scenario with a minimum of new parameters. The two waves are supposed to travel between x ¼ 0 and x ¼ L with a constant velocity. The acoustic velocity is frequency dependent [see Fig. 8(b) ] and the value used in the following is the previously determined value. To fit the x-dependence of the amplitude of the acoustical wave, it is coherent to use also an exponential behavior p
Àjk a x . Again, the imaginary part of k a is the previously determined value. Then the x-dependence of the acoustic part is supposed to be completely determined by the knowledge obtained from the analysis of T þ . The hydrodynamic part is supposed to have a phase equal to h 0 þ xL/c h where c h is the velocity of the hydrodynamic wave previously determined and h 0 is the phase lag between acoustic and hydrodynamic waves determined by using the value for f ¼ 0 in Fig. 9(b) . The value h 0 ¼ À0.3p will be used in the following. The only quantity that has not been determined previously is the x-dependence of the amplitude of the hydrodynamic wave. This quantity cannot be described by an exponential behavior because of the non-linear saturation.
A simple polynomial fitting hðxÞ ¼ aðX=LÞ 2 À ða À 1ÞðX= LÞ 4 is used with a ¼ 30. Accordingly, the pressure on the p(x) normalized by the pressure at x ¼ 0 is written as
where H is the amplitude of the hydrodynamic transmission [ Fig. 8(a) ]. It should be emphasized that the above expression is not a model of the behavior of the porous liner with grazing flow but just a way to fit and understand the measurements.
A comparison between the measured pressure and the values given by Eq. (1) is plotted in Fig. 10 . It can be seen that the agreement is reasonable in phase when the hydrodynamic wave is absent (f ¼ 2500 Hz, circles) and it can be easily improved by taking into account the entrance and exit effects and the reflected waves on the material zone. When the hydrodynamic wave is present (f ¼ 1600 Hz, squares), the spacing between the microphones (20 mm) is too large to give a precise outline of the hydrodynamic wave (k h ' 35 mm). Again the phase agreement is reasonable. Nevertheless, the 2D plot in Fig. 11 depicting the real part of the pressure as a function of position and frequency shows that the main tendencies are described by the fit. In particular, the isolines in white in Fig. 11 , representing the condition xx/c h ¼ 2np, confirm that the hydrodynamic wave is convected with velocity c h . However, the progressive shifting of the experimental maxima relatively to the maxima of the fit suggests that the convection velocity of the hydrodynamic wave is not constant along the material.
VI. PRESSURE DROP ALONG THE POROUS MATERIAL
It is known that a convected instability can induced an increase of the static pressure drop along the material. 4, 8 This added dissipation is due to an increase of the turbulent wall shear stress induced by the hydrodynamic wave.
5,9 DP 0 is the static pressure difference between the start and the end of the porous material without any acoustic excitation. For this porous material, DP 0 increases quadratically as a function of Mach number. DP is the same static pressure difference when the sound source is on. Figure 12(a) shows the increase in pressure drop when the acoustic source is turned on. It has been measured that the pressure drop increase is nearly proportional to the incident wave pressure amplitude above a threshold level of 120 dB SPL. The relative increase is of the order of 20% to 40% whatever the Mach number for a source level equal to 134 dB SPL. This increase is much smaller than the one observed in locally reacting liners. 4 When the pressure drop is plotted against frequency (Fig. 12) , it is expected that the frequency at which the pressure drop is maximum f PD corresponds to the frequency at which the amplitude of the hydrodynamic wave is maximum f m . It can be seen in Table I that these frequencies are not equal. A possible explanation of this phenomena is that frequency range where the hydrodynamic wave has a large amplitude is bigger for x ' L/2 than at the end of the material x ¼ L [see Figs. 12(b) and 11(a)]. It is unclear, at this point, whether this corresponds to an attenuation of the hydrodynamic wave in the region L/2 < x < L or to a diminution of the pressure induced by the hydrodynamic wave in this region. Further studies with optical measurements (particle image velocimetry or laser Doppler velocimetry) are needed to clarify this point.
VII. CONCLUSION
The existence of a hydrodynamic wave over a porous material with grazing flow has been demonstrated. Its characteristic properties have been analyzed experimentally. This hydrodynamic wave has a significant effect on a limited band of frequencies. When this wave is present, there are large oscillations in the transmission coefficient in the flow direction coming from the interference between the transmitted acoustic wave and this hydrodynamic wave that are propagating at different velocities. The convection velocity of the hydrodynamic wave is close to half of the mean flow speed. It is difficult to claim any firm conclusions about the amplitude of this mode because of the non-linear behavior that indicates a saturation of this hydrodynamic wave. The hydrodynamic wave induces an increase of the pressure drop when it is created by an acoustic wave. A peak frequency at which the pressure drop is maximum is identified. Further investigations are needed to model the conditions of appearance, amplification, and saturation of this new kind of hydrodynamic wave.
